INTRODUCTION
Urea is a ubiquitous nitrogen (N) source in soils and also the most widespread form of N fertilizer used in agricultural crop production (1) . It was believed for a long time that plants absorb most urea-derived N in the form of ammonium because of the rapid degradation of urea by enzyme urease (2, 3) . However, several physiological evidences for direct intake of urea by plants have been suggested (4) (5) (6) . For example, the accumulation of urea into leaves was observed after urea foliar application in the presence of urease inhibitor (6). 14 C-labeled urea short-term influx analysis also revealed urea transport across the plasma membrane of alga and Arabidopsis suspension cell (7, 8) . Besides being taken up, urea is an important N metabolite within plant cell produced by both arginine degradation and ureide catabolism pathways. Arginase-derived urea is produced in mitochondria, and then exported to cytoplasm for hydrolyzing into ammonium by urease. Vacuolar loading can be also beneficial to transiently store excess amount of urea, and vacuolar unloading can mobilize urea into cytosol if N is limited (9) . In many physiological processes, therefore, urea transport across different cellular membranes is essential, and requires different types of urea transporters. Membrane protein AtDUR3 for transporting urea has been successfully isolated from Arabidopsis cDNA library by growth complementation of a urea uptake-defective yeast mutant YNVW1 (8) . Function expression in X. laevis oocytes further revealed that AtDUR3 encoded a high-affinity urea/H + symporter. AtDUR3 protein localized at the plasma membrane of root rhizodermis cells under N deficiency and atdur3 T-DNA insertion lines showed impaired growth on urea as the sole N source, suggesting its important function in high-affinity urea uptake in roots (1) . Aquaporins have been classified into four subfamilies referred to as plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26-like intrinsic proteins (NIPs) and small and basic intrinsic proteins (SIPs) (10, 11) . The PIP member (NtAQP1), NIP member (CpNIP1) and TIP members (AtTIP1;2, 2;1, 4;1) were also found to transport urea when they expressed in yeast or oocytes (12) (13) (14) . The aquaporins facilitated urea transport in a pH-independent manner and with liner concentration dependency (14) . NIPs and PIPs localized at plasma membrane, suggesting their roles in moving urea between the apoplast and symplast of cells in planta (15) (16) (17) . In contrast, AtTIPs were mainly targeted to tonoplast or other endomembranes, and might play roles in equilibrating urea concentration between different cellular compartments (14) . In particularly, AtTIP5;1 was localized in pollen mitochondria, probably involved in N remobilization via transport of mitochondrial urea to the cytoplasm (18 and materials for industries. Urea is a preferred N source for maize production because of its lower unit cost (19) . However, the molecular basis of urea transport in maize plants is not well understood. In this present study, we aimed to isolate urea transporter genes from maize plants, and three aquaporins (ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4) were obtained. We also examined their organ-and nitrogen-dependent expression patterns. These findings suggested important roles of aquaporins in urea transport throughout maize plants.
RESULTS
Isolation and characterization of three maize aquaporins (ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4) mediating urea transport in yeast A cDNA library constructed from maize root tissue was transformed into the yeast mutant YNVW1 which is unable to grow on the medium containing ＜5 mM urea as sole N source (8) .
Of approx. 100,000 independent transformants, 9 independent clones were isolated by conferring growth complementation to yeast strain YNVW1 on 2 mM urea, and represented three genes with 6, 2 and 1 clones for ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4, respectively. By retransformation to YNVW1, in contrast to empty vector, the transformates carrying all three isolated genes were able to grown on 2 mM urea, indicating that ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4 mediated urea transport in yeast (Fig. 1) . We also conducted yeast growth complementation assay in the medium supplied with various external urea concentration (0.5 to 10 mM) under different pH levels (pH 4.5 to 6.5). It showed that ZmNIP2;1-, ZmNIP2;4-and ZmTIP4;4-expressing yeast could grow till on 0.5 mM urea, and their growth were hardly affected by raising external pH, indicating that these aquaporins mediated urea transport in yeast in pH-independent manners (Supplementary Fig. S1 ). ZmNIP2;1 has been shown to transport silicon (Si) in ooctyes as described by Mitani et al. (20) . To investigate whether ZmNIP2;4 and ZmTIP4;4 could transport Si, the transformed yeast strains were grown in medium supplied with 2 mM Germanium dioxide (GeO2) in present of 1 mM arginin as N sources. Germanium (Ge) is an analogue of Si and toxic to yeast when it is taken up (21). ZmNIP2;1-expressing yeast showed growth sensitive to Ge ( Fig. 1 ), confirming Si transport activity of ZmNIP2;1. ZmNIP2;4-expressing yeast also exhibited growth sensitive to Ge, suggesting that, similar to ZmNIP2;1, ZmNIP2;4 could transport Si in yeast. By contrast, ZmTIP4;4 seemed not to transport Ge and Si ( Fig. 1 ).
As shown in Supplementary Fig. 2 , a phylogenic tree was constructed based on the alignment of all Arabidopsis aquaporin members, the rice and maize members within TIP4 and NIP2 subfamilies, and CpNIP2;1 and NaTIPa which have been identified as urea transporters in the previous studies (12, 13). ZmTIP4;4 was assigned into the TIP4 clade containing AtTIP4;1 and NaTIPa, and ZmNIP2;1 and ZmNIP2;4 into the NIP2 clade containing CpNIP2;1 ( Supplementary Fig. 2 ). This phylogenic relationship supported the similar properties of urea transport for those members within TIP4 and NIP2 subfamilies in planta. In addition, ZmNIP2;1 and ZmNIP2;4 showed 94% identity at peptide level, and comparative genome analysis further mapped both genes to the maize chromosome regions micro-colinearized to OsNIP2;1 region (Supplemental Table S1 ). This indicated that ZmNIP2;1 and ZmNIP2;4 were the segmental duplicates arising by the specific whole genome duplication of maize genome (commonly named allotetraploidization) after the maize-rice split.
Organ-and nitrogen-dependent expressions of ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4 genes in maize plants
The expressions of ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4 were investigated in various maize organs at different developmental stages: seedling stage, silking stage and 15 days after pollination (Fig. 2) . The three investigated genes were highly expressed in maize roots, which was coincident with their isolation from root cDNA library (Fig. 1 ). ZmNIP2;1 expressed constitutively in almost all tested organs, while ZmNIP2;4 and ZmTIP4;4 expressed in tissue-specific manners (Fig. 2) . Besides root tissue, ZmNIP2;4 and ZmTIP4;4 transcripts were abundant in tissue of axis, and the latter was also abundant in premature ear (Fig. 2) The expressions of ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4 were also investigated in maize plants under different N nutrition status. ZmTIP4;4 transcript was significantly up-regulated in roots by removing N from the solution, while expressions of ZmNIP2;1 and ZmNIP2;4 were not affected (Fig.  3A) . In shoots, ZmTIP4;4 showed distinct expression patterns in between expanded and unexpanded leaves (Fig. 3B) . In contrast to that of unexpanded leaves, ZmTIP4;4 transcript in expanded leaves was significantly increased by approx. 8-folds under N deficiency. However, expressions of ZmNIP2;1 and ZmNIP2;4 remained unaffected in either expanded or unexpanded leaves, similar to those in roots (Fig. 3) . These results revealed a nitrogen-dependent expression manner of ZmTIP4;4 in roots and expanded leaves, suggesting a potential physiological link of ZmTIP4;4-mediated urea transport to plant N nutritional status.
DISCUSSION
To understand the molecular basis for urea transport in plants, an approach on growth complementation of urea-transport-deficient yeast strain has been successfully used to isolated plant genes encoding urea transport proteins (13, 14) . Using the similar approach in this study, three maize aquaporin genes, ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4, were obtained (Fig. 1) . Although the yeast mutant (Δdur3) was defective in urea transporter at the plasma membrane, not only expression of plasma membrane proteins (ZmNIP2;1, ZmNIP2;4) but also vacuolar proteins (ZmTIP4;4) were able to complement their growth under low urea concentration. This was in agreement with the previous studies on isolation of both CpNIP1 from zucchini and several AtTIPs from Arabidopsis (13, 14) . Although no any PIP member for transporting urea was screened from the cDNA library of maize, Arabidopsis and zucchini plants ( Fig. 1) (13) , one of maize PIP member, ZmPIP1-5b, was characterized to transport urea when expressed in oocytes (22) . At least in maize cells, therefore, aquaprions of NIPs and PIPs could mediate the moving of urea across plasma membrane, and TIPs for transporting urea across tonoplast. ZmNIP2;1 (also named ZmLsi1) has been characterized as a Si transporter (20) , similar to its close homolog OsNIP2;1 (also named OsLsi1) (16) . They all belonged to the NIP III subgroup of NIP aquaporins, including another rice homolog OsNIP2;2 (also named OsLsi6) (23) and other three maize homologs ZmNIP2;2 (also named ZmLsi6) (20), ZmNIP2;3 and ZmNIP2;4 ( Supplementary Fig. 2 ). Heterologous expression in oocytes showed that OsNIP2;1, OsNIP2;2 and ZmNIP2;1 were permeable to Si (16, 20, 23) . Heterologous expression in yeast also showed that ZmNIP2;1 and ZmNIP2;4 could transport Si because the growth of transformed yeast were more sensitive to Ge, an toxic analog of Si (Fig. 1) . Although NIP III subgroup members were suggested to be unique for Si transport (16), OsNIP2;1 was also permeable to other solutes, such as urea and boric acid (24) , arsenite (25) and selenite (26) when it was expressed in oocytes. The mechanisms controlling the selectivity of transport substrates among NIPs were probably dependent on the NPA and aromatic/arginine regions of proteins (27) . NIP III subgroup members normally had a larger, more open pore by compare to other subgroup members, resulting in a wider channel selectivity filter for different substrates (28) . Considering the plasma membrane localization of ZmNIP2;1 in maize root epidermal cells (20) , ZmNIP2;1 (and ZmNIP2;4) might function in maize roots on uptake of urea, as well as silicon, arsentie, selentie and probably other solutes. In maize roots ZmNIP2;1 and ZmNIP2;4 expressions were unaffected by N deficiency (Fig. 3) and ZmNIP2;1 and ZmNIP2;2 expressions were also unaffected by Si supplement (20) , further supporting that they might not only transport certain substrate. ZmNIP2;1 and ZmNIP2;4 were segmental duplicates arising by maize genome allotetroplidization (Supplementary Table  S1 ). Although both transporters shared similar transport activity to urea or Si, their expression patterns were distinct in various maize organs (Fig. 2) . Expression of ZmNIP2;4 was more specific in roots and axis in contrast to the constitutive expression manner of ZmNIP2;1. Expression pattern shifts of the duplicated paralogous genes could reflect the divergence hypotheses that a duplicate gene pair might be involved in: nonfunctionalization, subfunctionalization and neofunctionalization (29) . The specific organ-dependent expression of ZmNIP 2;4 suggested a neofunctionlization fate of this gene after it duplicated from the constitutive expressed ZmNIP2;1. Thus, besides urea uptake in root, ZmNIPs might also be involved in urea uptake and translocation in leaves and/or reproductive organs. Heterologous expression in yeast showed that ZmTIP4;4 was permeable to urea, neither to Si (Fig. 1) nor to ammonia (data not shown), similar to its homolog AtTIP4;1 and NtTIPa (12, 14) . ZmTIP4;4 also seemed to be targeted to tonoplast in planta and might mediate urea loading and unloading through the vacuole membrane in plant cells (14) . Like AtTIP4;1 in Arabidopsis roots (14) , ZmTIP4;4 expression in maize roots was up-regulated by N starvation (Fig. 3A) . This suggested that, when internal N sources is limited, ZmTIP4;4 might be involved in unloading urea from vacuolar storage to cytoplasm, which subsequently degraded into ammonium for further N assimilation. In particular, ZmTIP4;4 expression was significantly increased in expanded leaves under N deficiency, rather than that in unexpanded leaves (Fig. 3B) . In contrast to unexpanded leaves, the expanded leaves serve as source of N for remobilzation under N deficiency. Thus, this result suggested that ZmTIP4;4-mediated urea transport was important for unloading vacuolar urea across tonoplast under N deficient conditions. Taken together, in the present study we isolated three maize aquaporin genes encoded urea-transporting proteins in yeast. Their organ-and nitrogen-dependent expression manners may suggest the diverse roles of these aquaporins on urea uptake and translocation through plasma membrane, or urea homeostasis across tonoplast. However, the physiological roles of these urea transporters in maize plants still remain to be elucidated by gain or loss of function analysis in the further studies.
MATERIALS AND METHODS

Yeast complementation assay
A cDNA library was constructed from root tissue of maize inbred line B73. Total RNA was extracted using Trizol Reagent, and poly(A + ) mRNA was enriched using poly(A + ) RNA Tract kit (Invitrogen, Catalog No. K1520-02). Maize cDNA library was constructed into pDONR222 vector using CloneMiner TM cDNA Library Construction Kit as described by the manufactory manual (Invitrogen, Catalog No. 18249-029). By gateway LR recombination, this library was then transferred into a yeast expression vector pDR-GW vector (30) . This cDNA library was transformed into the urea uptake-defective yeast strain YNVW1 (8) . Transformants were plated and selected on solid yeast nitrogen base (YNB) medium supplemented with 2 mM urea as sole N source, buffered at pH 5.2 by MES-Tris. The plasmids were extracted from the obtained yeast clones and the inserted cDNA were sequenced. A 1 ml saturated cultures of yeast transformates carrying the corresponding constructs were harvested. The pellets were resuspended in 1 ml of water, and then spotted in 10-fold dilution on solid YNB medium supplement with 1 mM arginine, or additionally with 2 mM GeO2, or different concentration of urea as sole N source buffered at different pH by MES-Tris.
Expression analysis of maize genes
Maize plants (inbred line B73) were grown in field and the corresponding tissues were collected for gene expression analysis. Roots and leaves of maize seedlings were harvested at five-leaf stage. At silking stage, young leaves (the 3 rd leaf up the ear leaf), old leaves (the 3 rd leaf down the ear leaf), ear leaves, tassels and immature ears were collected. Axis and seeds were sampled 15 days after pollination (DAP). For N nutrition treatment, maize seedlings were grown in nutrient sol-ution with 2 mM NH4NO3. Five-leaf stage plants were transferred to fresh solution without N for 1, or 3 days. Roots, unexpanded leaves (the first visible leaf) and expanded leaves (the middle matured leaf) were collected. The expression profiles of maize genes were examined using quantitative RT-PCR method (qPCR). The PCR reactions were performed using SYBR Green dye, and data were analyzed using 7500 SDS software 1.3 (Applied Biosystems). Expression of the ZmGAPDH gene (NM_001111943.1) was served as an internal control for organs specific expression, and Alpha tubulin4 gene (ZmTUB4, AJ420856.1) for N dependent expression (31) . Three biological replicates of qPCR were performed for each sample. The primers for the aimed or control genes were: NIP2;1-F: 5'-GTGTGATTCATGCTCCATC GATC-3', NIP2;1-R: 
